apicomplexan mitochondrion in energy generation has remained unclear, given the glucosereplete intracellular nature of the environmental niches of these parasites and the apparent reduction of mitochondrial metabolic pathways [4] [5] [6] [7] . For example, apicomplexan mitochondria lack 'type I' NADH dehydrogenase (NDH, complex I of the ETC) and many apparently lack the enzymes and transporters required for fatty acid b-oxidation [8, 9] . Furthermore, the pyruvate dehydrogenase complex (PDH) responsible for conversion of pyruvate into acetyl-CoA -an obligate fuel for the TCA cycle -is only present in the apicoplast [10] . Consequently, there was no obvious entry point to allow catalysis of glycolytic pyruvate by the TCA cycle [10] [11] [12] [13] [14] . Despite this, there is overwhelming evidence that apicomplexans rely on a functional and canonical TCA cycle (as reviewed [4, 5, 15] ), and apicomplexan genome annotations indicate the presence of all enzymes of the TCA cycle. Only one clade of apicomplexans, Cryptosporidium spp., show evidence of outright loss of the TCA cycle, but these taxa retain only a highly reduced mitochondrion, the mitosome, and have also lost their apicoplast [5, 8, 16 ].
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The nature of energy metabolism in apicomplexan parasites has been closely investigated in the recent years. Studies in Plasmodium spp. and Toxoplasma gondii in particular have revealed that these parasites are able to employ enzymes in non-traditional ways, while utilizing multiple anaplerotic routes into a canonical tricarboxylic acid (TCA) cycle to satisfy their energy requirements. Importantly, some life stages of these parasites previously considered to be metabolically quiescent are, in fact, active and able to adapt their carbon source utilization to survive. We compare energy metabolism across the life cycle of malaria parasites and consider how this varies in other apicomplexans and related organisms, while discussing how this can be exploited for therapeutic intervention in these diseases.
Apicomplexan Mitochondria -A Missing Link and an Absent Cycle
The phylum Apicomplexa comprises a vast group of unicellular parasites that are the causative agents for some of the world's most important infectious diseases. Distinctive features of Apicomplexa include a specialized apical invasion machinery, termed the apical complex, and a relict plastid derived from a red algal secondary endosymbiont known as the apicoplast [1, 2] . The human parasites Plasmodium spp. and Toxoplasma gondii represent the beststudied, and among the most medically-relevant, members of this large phylum. Collectively, these obligate intracellular parasites impose an enormous burden on human health [e.g., Plasmodium (malaria), Toxoplasma (toxoplasmosis), Cryptosporidinum (cryptosporidiosis)], food production and economy (e.g., Babesia, Theileria, Eimeria), and a largely unexplored impact on wild animal populations. A better appreciation of their metabolism, including adaptive capabilities, is of primary importance to understanding the life cycles of these parasites and their ability to thrive in secluded intracellular environments. Recent advances in the field of metabolomics have revealed important parasite-specific nuances in apicomplexan energy generation, shedding light on the biochemistry behind the success of these organisms.
In many eukaryotes, the mitochondrion is the power station of the cell that allows complete oxidation of carbohydrates, lipids, and amino acids via the tricarboxylic acid (TCA) cycle, leading to efficient ATP generation through the electron transport chain (ETC). In Apicomplexa, a single tubular mitochondrial network also hosts part of heme biosynthesis, iron-sulphur (Fe-S) cluster assembly, and lipoic acid salvage, and also participates in the synthesis of many metabolic intermediates including pyrimidines (as reviewed elsewhere [3, 4] ). However, the role of the
Trends
Apicomplexans adjust their carbon source usage depending on their developmental stage. Plasmodium asexual stages rely on aerobic fermentative glycolysis, switching to a greater flux through the TCA cycle upon sexual differentiation. In Toxoplasma gondii asexual 'tachyzoites', glucose and glutamine feed into an active TCA.
Apicomplexans use enzymes in non-traditional ways to meet their energy needs. Branched-chain ketoacid dehydrogenase (BCKDH) acts as the absent mitochondrial pyruvate dehydrogenase (PDH); other enzymes have been relocated, operate in a non-canonical direction, or have been replaced entirely.
Enzymes of mitochondrial energy metabolism show potential as targets to intervene in the transmission and treatment of the diseases caused by apicomplexan parasites.
the ETC (NADH dehydrogenase and succinate dehydrogenase) are dispensable in asexual Plasmodium [33, 36, 43, 44] .
Counter-intuitively, genetic ablation of two enzymes of the P. falciparum TCA is not tolerated in blood stages, namely fumarate hydratase (FH, converting fumarate to malate) and malatequinone oxidoreductase (MQO, the sole enzyme responsible for mitochondrial malate turnover) [36] [ 1 3 _ T D $ D I F F ] (Figure 1) . Furthermore, the b-subunit of ATP synthase is also required in blood stages of P. falciparum, although this is not the case in P. berghei [38] [ 1 4 _ T D $ D I F F ] (Figure 1 ). It is possible that the classic 'primary' roles of these enzymes are not responsible for these phenotypes, but rather their roles in cytosolic purine salvage (FH [45] ) and, perhaps, mitochondrial structure (MQO and ATP synthase [36, 38] ).
Despite heavy utilization of glycolysis, TCA metabolism does occur in asexual
, although generally at low turnover [26] . Flux through these pathways greatly increases in sexual and insect stages (reviewed below) [26, 46] and a switch from anaerobic to aerobic metabolism might also allow survival of so-called 'dormant' parasites (Box 1). Together, these observations highlight that mitochondrial activity is important in Plasmodium, with different stages drawing on different metabolic functions.
Apicomplexan Mitochondrial Enzymes: Old Dogs, New Tricks
To facilitate mitochondrial energy production, apicomplexan organisms rewire mitochondrial metabolism by redeploying some typical enzymes in new roles.
Branched-Chain Ketoacid Dehydrogenase (BCKDH) Canonical operation of the TCA cycle requires conversion of the glycolytic end-product pyruvate to acetyl-CoA, usually by the mitochondrial PDH complex. In Apicomplexa, however, PDH is restricted to the apicoplast and has no apparent function in providing acetylCoA for TCA activity [47] . With the TCA cycle implicated in maintenance of the ETC, the In asexual blood stages, most glucose is processed through glycolysis to produce lactate, with only a low proportion of pyruvate being converted to acetyl-CoA by BCKDH to feed the TCA cycle. The major carbon flux around this low-turnover TCA cycle is driven by an input of /-ketoglutarate derived from glutamine. In asexual stages, /-ketoglutarate likely enters the mitochondrion through a malate//-ketoglutarate antiporter and is further catabolized through the TCA to malate, which is then transported to the cytosol. The malate can then be either secreted out of the cell or converted to OAA to feed into the purine salvage pathway, an essential pathway in Plasmodium. The purine salvage pathway can also be fuelled by the conversion of PEP into OAA by PEPC. By contrast, in the sexual erythrocytic and insect-vector stages, a switch to a predominant glycolytic flux into a highly active TCA metabolism occurs. Glucose is also used to provide carbon sources for the isoprenoid precursor and FASII biosynthetic pathways present in the apicoplast. Unlike Toxoplasma gondii (Figure 3 ), Plasmodium spp. do not appear to possess the final enzyme of the GABA shunt, SSDH, although GABA is still produced [26] and a putative mitochondrial transporter exists [54] . In this regard, GABA may play a role in mitochondrial metabolism by contributing to transamination reactions that could play a role in TCA regulation. Red arrows are indicative of the major fluxes through the pathway for Plasmodium asexual stages. Metabolites are given in black, cofactors in pink, transporters in dark blue or green paired nature of how a system lacking functional PDH activity might operate has only recently become clear.
The PDH complex belongs to the /-ketoacid dehydrogenase family. Apicomplexans have repurposed another member of this family -the branched-chain ketoacid dehydrogenase (BCKDH) complex, usually responsible for branched-chain amino acid (BCAA) degradationfor mitochondrial conversion of pyruvate to acetyl-CoA [46] . BCKDH had been hypothesized to have PDH activity in Apicomplexa because (i) BCKDH has some PDH activity in other organisms [48] [49] [50] ,[ 1 6 _ T D $ D I F F ] and (ii) other enzymes of the BCAA degradation pathway and associated detoxification steps by the methyl-citrate cycle are lacking in Plasmodium spp., resulting in the apparent 'orphan' status of this enzyme [4, 6, 9, 47] . Genetic ablation of the functional subunit of BCKDH (E1/) in P. berghei leads to abrogation of gametocyte maturation and ookinete production, and an almost complete halt in oocyst development, consistent with increased TCA function during this differentiation ( Figure 1 ) [46] . P. berghei BCKDH mutant parasites also selectively lose the ability to grow in mature erythrocytes, but can still grow in reticulocytes [46] . This may be due to ellipses, pathways in purple, and enzymes in grey; putative drug targets discussed in this review are shown in gold. Putative pathways/enzymes are depicted with dashed lines. The outer mitochondrial membrane is depicted as a dotted line to highlight greater permeability to metabolites than the inner membrane. The inner mitochondrial membrane is shown thicker than the outer to allow depiction of the locations of associated enzymes. It has recently been shown that, under conditions of amino acid depletion, P. falciparum enters a cessation or 'dormancy' stage [94] . This asexual proliferation arrest is completely reversible and can be rescued by addition of isoleucine to the growth medium. Isoleucine is not present in human hemoglobin, and it is therefore possible that restriction of this amino acid in malnourished patients may also induce a change in physiological state to either dormancy or alternative energy metabolism. This phenomenon is in line with studies in the field where P. falciparum has been seen to exist in distinct physiological states, presumably changing its metabolic potential in response to environmental conditions. Although not fully understood, this could be a switch in emphasis from glycolysis to TCA metabolism for energy requirements when nutrients are scarce, for example in the hypoglycemic conditions that are common in malaria patients [95, 96] .
Dormancy has also been implicated in emerging drug-resistance. Combination therapies employing artemisinin still represent the primary treatment of malaria, although drug-resistance is ever-increasing (www.who.int/mediacentre/ factsheets/fs094). Perhaps central to this is the fact that sublethal exposures to artemisinin (and derivatives) in vitro lead to arrest in P. falciparum ring-stages and subsequent transition to a morphologically-distinct 'dormant' state that is able to persist under drug pressure and recover after removal of the treatment [97, 98] . Artemisinin-induced 'dormant rings' display reduced susceptibility to artemisinin itself [99, 100] , but remain susceptible to other drugs targeting the ETC, suggesting that they are still metabolically active [97] . For example, mitochondrion-encoded enzymes of the ETC remain transcribed after treatment with the artemisinin-derivative dihydroartemisinin (DHA), while transcription of the nucleusencoded complex III is completely ablated [101] . One might speculate, then, that dormant P. falciparum maintains some degree of metabolic activity, albeit in an altered manner that is not currently understood. Similarly, effects have been seen in T. gondii, where sublethal type II NADH dehydrogenase (NDH) inhibition leads to the formation of bradyzoites [68] . The metabolic state of bradyzoites is still poorly understood, although NDH (1 and 2) have similar mRNA levels to the tachyzoites, suggesting that at least some form of metabolism is maintained. Dormancy strategies are utilized by bloodstage Plasmodium and Toxoplasma bradyzoites, and better understanding of the metabolic potential of these stages might therefore provide important avenues for intervention toward the elimination of these persistent forms.
the ability to scavenge from the more[ 1 7 _ T D $ D I F F ] complex, nutrient-replete metabolome of the developing, immature blood cell forms [51] .
Unlike Plasmodium, T. gondii retains the enzymes responsible for complete BCAA degradation and detoxification, although disruption of these does not affect tachyzoite fitness [52] . Even so, BCKDH acts as a PDH in the T. gondii mitochondrion, and its disruption arrests TCA activity and perturbs normal cell growth and virulence [46] . The repurposing of BCKDH for pyruvate to acetyl-CoA conversion is apparently even more ancient, being shared with the sister lineage to Box 
Mitochondrial Metabolism Across the Alveolata
The mitochondrion is typically the central hub of eukaryotic energy production. However, in addition to this role there are several other important mitochondrial metabolic pathways. These include (i) iron-sulphur cluster synthesis, (ii) pyrimidine synthesis, (ii) tetrapyrrole synthesis, (iii) fatty acid b-oxidation, (iv) branched-chain amino acid (BCAA) degradation, and (v) lipoic acid metabolism. While this review focuses on energy metabolism, it is important to note that relatively high rates of mitochondrial evolution and adaptation are evident more broadly across these other functions, and among apicomplexan relatives.
The infrakingdom Alveolata is an extremely diverse eukaryotic clade and comprises three major lineages, sister phyla the Apicomplexa and Dinoflagellata (algae and coral symbionts), and the basal phylum Ciliophora (free-living micro-predators), as depicted in Figure I . Parasitism has arisen independently in all these lineages, but the alveolate common ancestor was free-living, and the common ancestor of apicomplexans and dinoflagellates was photosynthetic also. It is surprising, then, that many modifications to mitochondrial pathways, previously associated with parasitism in Apicomplexa, were in fact present in some of these common ancestors.
Ciliates possess relatively canonical mitochondria, likely resembling the ancestral state for Alveolata. By the apicomplexan-dinoflagellate common ancestor, however, several substantial changes had occurred: for example, gains of malate quinone oxidoreductase (MQO) and class I fumarate hydratase (FH), reliance on NADP + -dependent isocitrate dehydrogenase (IDH), and loss of pyruvate dehydrogenase (PDH) and complex I (NADH dehydrogenase) of the ETC (see [9] for summary). Notably, the transfer of PDH activity to the BCKDH complex is also likely common to apicomplexans and dinoflagellates and, therefore, independent of the development of parasitism [8, 9] . However, since divergence of these two major lineages, reconfiguration of mitochondrial metabolism has continued. Dinoflagellate lineages have alternated between type I and II FH, and have substantially committed to plastid tetrapyrrole biosynthesis [9, 102] . Apicomplexan lineages show differential loss of b-oxidation of fatty acids and BCAA degradation [9] . Cryptosporidium spp., on the other hand, have radically reduced their mitochondria, losing most capacity except iron-sulphur cluster synthesis. Together with growth-stage differences in mitochondrial metabolism detailed in this review, it is evident that across both long and short evolutionary timescales ongoing refinement of organelle function takes place. The drivers for these differences are likely many and diverse; however, understanding them in the context of parasitic niches provides the best opportunity for identifying druggable mitochondrial targets to combat disease. apicomplexans, the dinoflagellates [9] . This is consistent with several other TCA and ETC modifications with deep roots in the infrakingdom Alveolata, to which apicomplexans belong (Box 2).
Isocitrate Dehydrogenase (IDH) The apicomplexan mitochondria have lost NAD + -dependent IDH and instead rely on the retained NADP + -dependent form of IDH for oxidation of isocitrate to /-ketoglutarate ( Figure 2) [4, 26, 36, 53, 54] . The generated NADPH may contribute to defense against ROS damage, NADPH-dependent enzyme activity, and the electrochemical gradient through conversion to NADH by NAD(P) + transhydrogenase ( Figure 2 ) [9, 55] , although the localization of the latter is as yet unclear. Loss of NAD + -dependent IDH is shared with dinoflagellates, and therefore the switch to the NADP + -dependent form likely occurred early, although the reasons for this are unknown [9] . This activity is unusual because, in mammals, NADP + -dependent IDH classically operates in the reductive (or reverse) direction, allowing TCA cycle regulation [55, 56] , although the oxidative direction can occur when under oxidative stress [57] .
Fumarate Hydratase (FH) FH converts fumarate to malate and exists in nature in two forms: class I, as found in Apicomplexa, which contains a required Fe-S cluster [45] , and the Fe-S cluster-free class II, as found in mammals [58, 59] . Apicomplexan FH can contribute to either (mitochondrial) TCA metabolism or (cytosolic) purine salvage, depending on its localization. Initial studies suggest that P. falciparum FH is mitochondrial [45] , although this localization, as for other Apicomplexa, is not entirely clear. FH is one of only two TCA enzymes essential to the asexual stages of P. falciparum [36] , and this, coupled with the apparent disposability of the TCA, suggest that a role in cytosolic purine salvage is of paramount importance in these stages. These ideas are discussed further below (see section TCA Metabolism and Purine Salvage). Typically in eukaryotes, two types of the enzyme are present, one in the cytosol (cMDH) and one in the mitochondrion (mMDH). In Plasmodium spp., however, only one MDH is present, and this enzyme is suggested to be exclusively cytosolic [60, 61] . This isoform is implicated in reactions of purine salvage [45] and phosphoenolpyruvate (PEP) carboxylation (see below) [62] . Instead of mMDH, Plasmodium spp. appear to use an FAD-dependent mitochondrial membrane-bound MQO enzyme for malate oxidation [9, 16, 63, 64] . The electrons produced by this reaction are sequestered into the intermembrane space, fuelling ubiquinone reduction and the ETC (Figure 2) . Intriguingly, while also containing a mitochondrial MQO, T. gondii locates its MDH in the mitochondrion [63] , perhaps suggesting some redundancy in mitochondrial malate oxidation in these cells. It is possible that these enzymes have different isolated functions, with mMDH perhaps being responsible for TCA cycle progression, and the primary roles of MQO being structural and/or FADH production for the ETC.
A further conundrum is why MQO is retained across the Apicomplexa. MQO is one of the few mitochondrial enzymes retained by Cryptosporidium spp. [9, 65, 66] , suggesting that it may have a role in mitochondrial development or integrity. Moreover, MQO, together with FH, is one of only two TCA enzymes essential in the asexual stages of P. falciparum [36] . Taken together, this suggests MQO may be a potential target for drug therapy. hence all apicomplexans are reliant on an alternative, membrane-bound (but not spanning) type II NDH that can transfer electrons from NADH to ubiquinone, but not contribute to transmembrane proton transfer (Figure 2) [9,63,67 ]. The precise mitochondrial membrane location of the Plasmodium enzyme is unknown, but it is dispensable in P. berghei blood stages [44] . In T. gondii, two mitochondrial NDH isoforms are present on the matrix side of the inner leaflet and are required (but individually dispensable) for ATP regulation and normal tachyzoite proliferation [68] [69] [70] [71] .
The Plasmodium TCA Cycle. I. A Little Top-Up?
A Role for Glutaminolysis Advances in metabolomics techniques have revealed that glucose and glutamine fuel a canonical TCA cycle in P. falciparum [26, 36, 47, 62] and P. berghei [46] , with carbon source usage being both stage-specific and flexible. In Plasmodium asexual blood stages there is minimal flux from glycolysis into the TCA, which is instead predominantly driven by glutaminolysis [26, 46, 47] and has been thought to have a role in maintenance of ubiquinone levels for pyrimidine biosynthesis. Essential to this is production of the reducing equivalents FADH 2 and NAD(P)H, which in most eukaryotes are primarily supplied by the TCA cycle through the activity of succinate dehydrogenase (SDH) for FADH 2 , and IDH, /-ketoglutarate dehydrogenase (KGDH), and malate dehydrogenase (MDH) for NAD(P)H, although the latter is replaced by MQO in Plasmodium (Figure 2) . Interestingly, MQO and FH aside, disruption or chemical inhibition of TCA enzymes does not affect asexual development (Figure 1) [26, 36, 43] .
Entry of glutamine into the Plasmodium TCA cycle is likely dependent on cytosolic glutamate dehydrogenase (GDH) activity and/or an /-ketoglutarate/malate antiporter for import of /-ketoglutarate into the mitochondrion. While possessing three putative isoforms of GDH [16, 72, 73] , only two appear cytosolic [73] , and only one of which, GDHa, shows an NADPH-dependence that is likely indicative of reductive amination of /-ketoglutarate to form glutamate [74] . Disruption of the gdha gene has no effect on either cell growth or glutaminolysis [75] . However, chemical inhibition of GDH using isophthalic acid can induce P. falciparum death [72] , suggesting that either GDH activity may be important for asexual cell survival or that the inhibitor has offtarget effects.
Alternatively, the cytosolic aspartate transaminase (AspAT) can catalyze the interconversion of oxaloacetate and glutamate into aspartate and /-ketoglutarate [76] , and this /-ketoglutarate can then be shuttled into the mitochondrion through the /-ketoglutarate/malate antiporter ( Figure 2 ) [5] . However, because one malate molecule is exported for every /-ketoglutarate molecule imported into the mitochondrion, this leaves the organelle 'malate-neutral', and therefore could not provide mitochondrial malate for MQO activity. The precise contributions, and importance, of each putative entry route of glutamine into the TCA cycle remain unresolved.
TCA Metabolism, PEP Carboxylation, and Purine Salvage Antiport of /-ketoglutarate would result in increased malate in the cytosol, which can be converted to oxaloacetate by cMDH, and then to aspartate by the same AspAT responsible for /-ketoglutarate production. This aspartate can then be used in purine salvage (Figure 2) , which is essential in Plasmodium spp. (themselves lacking a de novo purine synthesis pathway). Purine salvage generates cytosolic fumarate [via adenylosuccinate synthetase (ASS) and adenylosuccinate lyase (ASL)] and ultimately malate through FH activity. Therefore, TCA-derived malate may contribute to purine salvage, and likely explains the retention of cMDH in Plasmodium, the essentiality of FH in asexual stages [36] , and the ability to rescue P. falciparum PEP carboxylation mutants with exogenous malate [62] . However, it should be noted that the fumarate/OAA transporter(s) required for transport of fumarate into the mitochondrion (where FH appears to be localized [45] ) have not yet been identified in Plasmodium. Moreover, labeling studies suggest that PEP carboxylation to oxaloacetate and conversion to malate may have an anaplerotic role, albeit minor, in TCA metabolism [62] .
Despite this, the overwhelming evidence supports flux of /-ketoglutarate into, and malate out of, the mitochondrion, suggesting that PEP carboxylation contributes to purine salvage but not to the Plasmodium TCA in any significant way under normal asexual blood stage conditions. Even so, disruption of /-ketoglutarate dehydrogenase (KDH) revealed that glutaminolysis is not essential for asexual development [36] and, therefore, it seems clear that the TCA cycle is wholly dispensable in asexual stages, with the exception of those enzymes with putative dual roles (MQO and FH [36] ).
The Plasmodium TCA Cycle. II. Sex and Sensitivity
While a low-turnover TCA cycle is primarily fed by glutamine in Plasmodium during intraerythrocytic asexual proliferation, the onset of gametocytogenesis sees a surprising shift in TCA carbon source and flux. Here, glycolytic flux into pyruvate and acetyl-CoA becomes the main driver of highly active TCA metabolism [26] . This switch to a more efficient route for ATP production may reflect the increased energy requirements of sexual stage progression in the mosquito. This includes differentiation of gametes into ookinetes, invasion of the mid-gut epithelium, oocyst formation, and, ultimately, differentiation into sporozoites [77, 78] . The increased reliance on the TCA is supported by upregulation of TCA enzymes in gametocyte stages [79, 80] and the profound physiological consequences of genetic disruption and/or chemical inhibition of these enzymes (Figure 1) [26, 31, 36, 43, 44, 46, 51, 62, 81] .
Despite this, there is variability in the susceptibility to different TCA cycle/ETC perturbations during sexual development (Figure 1) . Deletion of KDH in the insect-transmissible NF54 strain of P. falciparum [36] , and SDH [43] , NDH [44] , ATP synthase [31] , or BCKDH [46] in P. berghei, all result in failure of normal post-fertilization progression to ookinetes and/or oocysts, although viable gametes are apparently formed. A similar phenotype is observed in P. berghei PEP carboxylase mutants [51] . Interestingly, deletion or chemical inhibition of cis-aconitase (Aco, responsible for conversion of citrate to isocitrate) in P. falciparum results in an earlier failure in sexual development, with these cells being unable to develop beyond stage III gametocytes [26, 36] . This incongruence may be due to either cytotoxic accumulation of citrate and/or an inability to produce NADPH when Aco (and IDH) activity is disrupted during the 7-10 day maturation of gametocytes. It is interesting, then, that asexual stages are not affected by Aco or IDH disruption [26, 36] , although this might be explained by their 48 h life cycle being too brief for these effects to become lethal or due to lower TCA activity that limits the accumulation of citrate.
In short, although not essential in asexual stages, TCA activity is important for sexual development and persistence in the insect vector. Plasmodium spp. also show significant plasticity in carbon source utilization if its preferred route is disturbed. Disruption of BCKDH and Aco, for instance, results in increased relative influx from glutaminolysis [26, 36, 46] , while disruption of KDH results in increased relative influx from glycolysis and PEP carboxylation [36] . This plasticity highlights how the parasite is able to cope with a variety of metabolic stresses and the importance of the TCA and ETC for Plasmodium sexual transmission. Whether this is true for other apicomplexan parasites is as yet substantially untested.
The T. gondii TCA Cycle: Greater Plasticity, Far-Reaching Roles
In T. gondii, the difficulty of working with sexual stages has limited experimental manipulation of the TCA cycle enzymes to the proliferative tachyzoite stages. Similarly to Plasmodium, T. gondii uses glucose and glutamine to fuel a canonical TCA cycle. However, flux from both sources is much greater in T. gondii, and therefore, unlike Plasmodium, T. gondii tachyzoite proliferation is sensitive to TCA cycle and ETC perturbations. Disruption of BCKDH attenuates parasite intracellular development and virulence [46] , while inhibition of Aco [54] or NDH [68] arrests growth, suggesting that an active respiratory chain is essential for tachyzoite growth, as previously hypothesized [4, 54, 82] . However, as above, the lethal effects of Aco inhibition may be due to citrate accumulation and cytotoxicity, or inhibition of Aco activity in the T. gondii apicoplast (Figure 3 and Box 3) . Intriguingly, fatty acid biosynthesis is slightly reduced upon fluoroacetate treatment [54] .
TCA-generated citrate could provide acetyl-CoA for fatty acid biosynthesis/elongation (Box 3) and protein acetylation (Figure 3 ) via the cytosolic acyl-citrate lyase (ACL) of T. gondii. Indeed, computational and experimental studies show that T. gondii ACL is essential when accompanied by deletion of the other source of cytosolic acetyl-CoA, acetyl-CoA synthase (ACS) [83] . It follows that reduced levels of mitochondrial [BCKDH E1/ knockout (KO)] or cytoplasmic (ACL-ACS double KO) acetyl-CoA may have implications for the activities and balance of fatty acid biosynthesis and/or acetylation [84] [85] [86] [87] [88] .
In other organisms, some metabolic enzymes are controlled by their acetylation state [86] [87] [88] . For example, phosphoenolpyruvate carboxykinase (PEPCK, classically catalyzing the reverse reaction of PEPC) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) can catalyze gluconeogenesis when deacetylated in humans and Salmonella, respectively [87, 89] . Both of these are acetylated in T. gondii [90] , but deacetylation may be important in regulating the gluconeogenic activity that is vital for normal cell growth [91] . Consistent with this, BCKDH disruption (leading to reduced mitochondrial and cytosolic acetyl-CoA) leads to increased gluconeogenic (and glycolytic) flux [46] . Interestingly, Aco inhibition (leading to increased cytosolic acetyl-CoA) does not [54] .
The g-Aminobutyrate (GABA) Shunt, Glutamate Dehydrogenase, and Transaminations With a significant contribution of TCA carbon being generated by glycolysis, it is perhaps surprising that glutaminolysis remains significant in T. gondii tachyzoites. These cells alternate between rapid replication in the host to a transient extracellular phase in search of new host cells. During this switch in states, changes in metabolic needs are reflected by massive reduction in fatty acid synthesis for membrane lipids [84] , and a simultaneous rise in GABA synthesis which may act as an energy reserve, fuelling the TCA cycle via the GABA shunt ( Figure 3 ) [54] . In this shunt, glutamate is first decarboxylated to GABA by glutamate decarboxylase (GAD). GABA is then transported through a putative GABA transporter into the mitochondrion where it is converted to succinic semialdehyde by GABA transaminase (GABAT) and then to succinate by succinic semialdehyde dehydrogenase (SSDH). GABAT can use either pyruvate or /-ketoglutarate to catalyze the conversion of GABA to succinic semialdehyde, leading to alanine or glutamate production, respectively, as side-products (Figure 3) , both of which may serve to maintain the mitochondrial GABA-glutamate balance [92] .
Unlike P. falciparum, T. gondii only possesses one GDH isoform, and it is possible that transamination reactions may also allow carbon skeletons from glutamine to enter into the TCA. As in Plasmodium, the T. gondii genome contains an aspartate transaminase (AspAT), catalyzing the interconversion of oxaloacetate and glutamate to aspartate and /-ketoglutarate. In addition, T. gondii also has an alanine transaminase (AlaAT), which catalyzes the interconversion of glutamate and pyruvate into /-ketoglutarate and alanine, respectively (Figure 3) . However, no functional or localization data are available for any of these three enzymes to allow speculation on a possible architecture of the pathway. Tentatively, glutaminolysis can provide carbon skeletons to the TCA in two ways in T. gondii, by conversion to /-ketoglutarate, or through the GABA shunt (Figure 3 ). There may be partial redundancy in these entry routes, as evident from the modest phenotypes of succinyl-CoA synthetase or GAD disruption [54, 63] . However, this redundancy is not complete because GAD mutants lose extracellular motility in zoites use both host-derived glucose and glutamine to fuel a canonical TCA cycle. Glutaminolysis can provide carbon skeletons to the TCA via either the conversion to /-ketoglutarate or via the GABA shunt, with the latter being primarily used in extracellular parasites and acts as an energy reserve. In T. gondii, it is possible that the TCA cycle also plays a role outside the mitochondrion, with exported citrate providing acetyl-CoA (through ACL activity) to feed the elongation and, perhaps, FASI pathways. Glucose is also used to provide carbon sources for the FASII and isoprenoid biosynthetic pathways present in the apicoplast. TCA-derived cytosolic citrate may also contribute to plastidial metabolic pathways by providing a source of reducing equivalents. The extent to which this occurs is currently under investigation. Black arrows represent the predominant direction of carbon flux. Metabolites are [ 9 _ T D $ D I F F ] given in black, cofactors are in pink, transporters in dark blue or green paired ellipses, pathways in purple, and enzymes in grey. Putative pathways and enzymes are depicted with dashed nutrient-depleted media [54] , suggesting that GABA pools contribute to energy production and help to sustain ATP levels [93] in extracellular stages.
From the sensitivity to disruption of carbon cycling and the ETC, it is clear that the TCA cycle and ETC are of great importance to normal growth of T. gondii tachyzoites. Given that they generally reside in nutrient-rich niches, one might expect a Plasmodium-like greater reliance on glycolytic fermentation in these conditions. However, T. gondii reside within biosynthetically active cells and hence must compete for glucose, which is immediately converted into glucose 6-phosphate and utilized by the host cells. Furthermore, rapid replication and associated biomass production, coupled with[ 2 1 _ T D $ D I F F ] the sustained ATP levels required for motility post-egress, suggest a requirement for a more efficient energy generation.
Concluding Remarks
Plasmodium spp. and T. gondii represent the best-studied members of the Apicomplexa, although they belong to a much wider group, the Alveolata, which encompasses diverse protists with wide-ranging lifestyles and environmental niches. Broader investigations of alveolate mitochondrial metabolism show that there are unexpected core similarities within the group that differ from humans ( Figure 1 and Box 2). This suggests potential for exploiting those mitochondrial enzymes and pathways that are divergent from the host for new drug therapies. There are also taxon-specific and life stage-specific differences in the roles of, and dependencies on, mitochondrial metabolism. These include a general importance of the TCA cycle and ETC in T. gondii tachyzoites, while only the ETC is required (for pyrimidine biosynthesis) in asexual Plasmodium blood stages. Malaria transmission through the mosquito, on the other hand, is dependent on these pathways, offering alternative targets for combination therapies for controlling disease transmission. It is therefore essential that individual taxa are closely scrutinized when considering therapeutic strategies. Mitochondrial metabolism of the sporozoite and hepatic stages of[ 7 _ T D $ D I F F ] Plasmodium is currently largely unstudied, but could lead to further opportunities for transmission blockage. Dormancy and associated drug-resistance (Box 1) are also an area still largely unexplored in the field. Future research on metabolism in parasites subjected to sublethal doses of ETC-targeting drugs (e.g., artemisinin in Plasmodium spp.), and in longterm persistent forms of the parasites (e.g., bradyzoites), is likely to provide novel insight into
Outstanding Questions
What is the metabolic capacity of 'quiescent' stages of apicomplexan parasites? Dormancy and associated drugresistance are largely unexplored in the field. Research in dormancy-induced Plasmodium (using ETC-targeting drugs) and in persistent bradyzoite forms of T. gondii is now possible, and is likely to provide novel insight into the mitochondrial activity of these stages.
Is mitochondrial metabolism implicated in transmission of Plasmodium spp. from the insect vector to the mammalian host? While a clearer picture of the metabolic requirements for successful asexual development and transmission to the insect vector is now apparent, the requirements for sporozoite transmission and establishment of infection in the host liver are currently unknown. The use of in vitro hepatocyte culture systems would allow study of these processes and could lead to further opportunities for transmission blockage.
How is TCA metabolism implicated in extra-mitochondrial processes? Experimental evidence suggests that metabolites of the TCA influence cytosolic and plastidial processes (such as fatty acid biosynthesis, purine salvage, and acetylation events), although the mechanisms by which these occur are not always clear. lines. Mitochondrial and apicoplast membranes are depicted as for Figure 2 ; *, indicates enzymes of hypothesized, unverified, location. Abbreviations: Ace, acetate; ACL, ATP citrate lyase; ACS, acetyl-CoA synthetase; AlaAT, alanine transaminase; APT, apicoplast phosphate translocator; GDH, glutamate dehydrogenase; PyC, pyruvate carboxylase; SSDH, succinic semialdehyde dehydrogenase. Other abbreviations as in Figure 2 .
Box 3. The TCA Cycle and Fatty Acid Biosynthesis
Aside from its roles in ETC-driven ATP generation and pyrimidine biosynthesis, the TCA cycle of T. gondii may also have roles outside the mitochondrion. The apicoplast is often in close proximity with the mitochondrion [103] and is the centre of FASII fatty acid biosynthesis in most Apicomplexa, which requires a number of cofactors, including NADH, for its activity [104] . Interestingly, the apicoplast of T. gondii harbors plastid-targeted versions of aconitase (Aco) and NADP + -dependent isocitrate dehydrogenase (IDH) (Figure 3 ) [103] which could plausibly generate NADH from mitochondrion-generated citrate shuttled into the apicoplast (although plastidial transporters to facilitate this have not yet been identified). This could provide an additional source of the reducing equivalents required for FASII in the highly-proliferative intracellular tachyzoite stages. Indeed, fatty acid biosynthesis is slightly reduced upon fluoroacetate treatment [54] , but whether this[ 1 _ T D $ D I F F ] reflects plastidial Aco inhibition or general cellular malaise as a result of inhibition of the mitochondrial isoform is not yet clear.
The TCA cycle may contribute to other elements of fatty acid biosynthesis in T. gondii. After FASII, fatty acids can be further elongated at the endoplasmic reticulum (ER) membrane [84, 85] , while FASI (a large cytosolic enzyme that, in many eukaryotes, is responsible for all fatty acid biosynthesis) may also contribute to fatty acid production in T. gondii. Both elongation and FASI require acetyl-CoA as a carbon donor, and this can theoretically be made in the cytosol via acylcitrate lyase (ACL, Figure 3 ) using citrate exported from the mitochondrion. The precise nature of these putative contributions is currently unknown and is currently under investigation. The TCA cycle may have a similar role in the rapidly-dividing liver stages of Plasmodium where fatty acid biosynthesis is prevalent (reviewed in [105] ), although it is important to note that ACL and plastidial Aco and IDH have not been found in these species.
apicomplexan mitochondrial biology, and perhaps across Alveolata as a whole, while providing new avenues of investigation toward the eradication of these important infectious diseases (see Outstanding Questions).
